Abstract Endometrial cancer is the fourth most common malignancy among women and is a major cause of morbidity contributing to approximately 8
Introduction
Estimates predict that 49,500 women are affected with endometrial cancer every year and that 8,200 die as a result of the disease in the USA [1, 2] . Despite progress in endometrial cancer treatments, current treatments often fail to control tumor recurrence and metastasis. For example, although 75 % of all endometrial cancers are treated at an early stage, it is estimated that 15-20 % of all cases recur [3] . As no new targeted therapies are available in standard clinical care and response to conventional systemic therapy is limited, identification of novel therapeutic targets is urgently needed to improve endometrial cancer treatment efficacy [4] .
An increasing body of evidence suggests that peroxisome proliferator-activated receptors (PPARs) contribute to the development of some solid tumors [5] . PPARs are members of the steroid hormone receptor superfamily; the three distinct isoforms-α, β/δ, and γ-act as ligand-activated transcription factors [6] . In the last 20 years, PPARs have gone from being virtually unknown to being recognized as major players in numerous physiological functions and pathological conditions, including the development of chronic diseases such as diabetes, obesity, atherosclerosis, and cancer [7, 8] . PPARβ/δ is found predominantly in the nucleus and can be coimmunoprecipitated with its heterodimerization partner, retinoid X receptor (RXR) [9] . Although there are limited reports describing the biological function of PPARβ/δ in endometrial cancer, in situ hybridization and immunohistochemistry J.J.M. and D.M. contributed equally to this work.
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demonstrate that PPARβ/δ levels are higher in endometrial cancer specimens compared with controls [10] .
PPARα and γ subtypes are known to have fundamental roles in cell proliferation/apoptosis and carcinogenesis [11] . However, conflicting data regarding the role of PPARβ/δ in the development of cancer suggest that the exact contribution of PPARβ/δ to cancer cell proliferation or apoptosis has yet to be established. In particular, observations from previous studies raise the possibility of cell type-and organ-specific effects mediated by PPARβ/δ [12] . It is well-known that RARα and PPARβ/δ complement each other and contribute to the regulation of cell proliferation and apoptosis [13] . Schug et al. demonstrated this mechanism by elucidating that the proliferative effect of PPARβ/δ was mediated through a high fatty acid binding protein 5 (FABP5):cellular retinoic acid binding protein II (CRABP2) ratio, which diverted all-trans retinoic acid (atRA) away from RARα toward PPARβ/δ, which then led to anti-apoptotic events and increased proliferation [13] . However, studies in other cell types have found conflicting evidence, suggesting that the activity of PPARβ/δ is tissue specific [14] .
Our lab previously demonstrated that the selective RARα agonist, AM580, directly regulates endometrial Ishikawa cell proliferation, and apoptosis; thus, RA signaling via RARα/ RXR activation may play a critical role in mediating the carcinogenesis of human endometrial cancer [15] . However, the role of PPARβ/δ in endometrial carcinoma has not been established. Given the therapeutic potential of PPARβ/δ agonists, which have been examined in clinical trials [16] , we wanted to understand the function and the underlying mechanisms of PPARβ/δ activation in endometrial cancer. We hypothesized that PPARβ/δ and its downstream pathways are effective targets that inhibit endometrial cancer cell proliferation and survival. To test our hypothesis, we evaluated the effects of ligand activation, antagonism, and silencing of PPARβ/δ on cell proliferation and apoptotic pathways in the Ishikawa, Sawano, and RL-95 human endometrial cancer cell lines.
Materials and Methods

Materials
Two highly selective PPARβ/δ-selective agonists, GW0742 and GW501516 [17] , and a RARα-selective agonist, (E)-4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthylenyl)-1-propenyl] benzoic acid (TTNPB), were purchased from Tocris Bioscience (Minneapolis, MN, USA). GW0742 and GW501516 were dissolved in dimethyl sulfoxide (DMSO). Two highly selective PPARβ/δ antagonists, GSK3787 and GSK0660, were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell Cultures
Endometrial cancer cell lines Ishikawa (grade 1 with phosphatase and tensin homolog (PTEN) and p53 mutations), RL95-2 (grade 2 GW501516 with PTEN and p53 mutations), and Sawano (naturally raised cisplatin-resistant cells) were purchased from ATCC (Manassas, VA, USA). Ishikawa cells were maintained in Dulbecco's modified eagle medium (DMEM)-F12 medium (GIBCO®, Life Technologies, New York, USA) supplemented with 5 % fetal bovine serum (FBS) and 500 units/ml penicillin/streptomycin. RL95-2 cells were maintained in DMEM-F12 medium (GIBCO, Life Technologies) supplemented with 10 % FBS, 500 units/ml penicillin/streptomycin, and 1 mM insulin. Sawano cells were maintained in MEM medium (GIBCO, Life Technologies, New York, USA) supplemented with 10 % FBS, 500 units/ml penicillin/streptomycin, and 1 mM glutamax. Human keratinocytes (HaCaT cells) were cultured in DMEM (GIBCO®, Life Technologies, New York, USA) supplemented with 2 mM L-glutamine, 10 % FBS, and with 500 units/ml penicillin/streptomycin. All cells were cultured at 37°C and 5 % CO 2 .
Trypan Blue Staining Analysis
Endometrial cancer cells were plated on a 12-well plate at a density of 1×10 5 cells/well 24 h before cell counting at time 0. We used 0.4 % Trypan blue to stain cells and determined cell number using a Countess® Automated Cell Counter (Life Technologies, Carlsbad, CA, USA). Cells were serumstarved for 18 h prior to ligand treatment and then treated with control (DMSO), GW0742, or TTNPB for 24 or 48 h. The concentrations of GW0742 and TTNPB used for all experiments ranged from 0.1 to 10.0 μM; these were previously shown to specifically activate PPARβ/δ or RARα [18, 19] . Cells were counted every 24 h. Triplicate samples for each treatment were used for each time point and each replicate was counted three times. The average number of cells per well was calculated for each treatment group and recorded as mean± standard deviation (SD).
MTS Assays
Epithelial endometrial cancer cells (4×10 3 cells/well) were seeded in 96-well plates and grown to 70-80 % confluence in a mixture of DMEM and F12 (1:1) medium containing 10 % FBS. After overnight starvation, cells were continually cultured in FBS-free media for 24-48 h in the presence or absence of chemical reagents. Cell proliferation was determined using the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. After treatment, 20 μL of methanethiosulfonate (MTS) assay solution was added to each well and the cells were incubated at 37°C for 4 h. The amount of bioreduced formazan produced was estimated by measuring the absorbance at 490 nm. All experiments were performed in triplicate.
BrdU-Labeling Proliferation Assay
Cell proliferation in response to different treatments was confirmed using the Cell Proliferation ELISA 5-bromo-2′-deoxyuridine (BrdU; colorimetric) kit (Roche Diagnostics Canada, Quebec, Canada) and analysis was done according to the manufacturer's protocol. Briefly, cells were plated in 96-well plates and treated as described for the cell viability assays. A minimum of six replicates were assessed at each dose. BrdU (10 μM) was added 2 h prior to the end of each measurement period. The cells were fixed, lysed, and then treated for 3 min with peroxidase-conjugated and anti-BrdU antibody supplied by the manufacturer. The cells were washed three times followed by the addition of substrate solution. Absorbance was measured at 405 nm with a reference wavelength of 490 nm. Results were recorded as optical density measurements at 405/490 nm. In some wells, cells or BrdU were omitted to serve as negative controls and to estimate the extent of nonspecific binding of reagents.
Immunoblot Analysis
Endometrial cancer cells were cultured on 60-mm culture dishes. Cells were serum-starved for 18 h and then placed in DMEM without serum with DMSO (control), GW0742, or GW501516. After 24 h of treatment, the cells were washed and isolated using M-PER (Life Technologies, New York, USA) lysis buffer containing protease inhibitors.
A total of 20 μg of protein per sample was resolved using sodium dodecyl sulfate-polyacrylamide gels. Proteins were then electro-transferred onto PVDF membranes (90 V for 90 min). The membrane was blocked with 5 % non-fat milk powder in tris buffered saline-Tween 20 (TBS-T) buffer for 60 min. Membranes were then washed and incubated with primary antibodies overnight at 4°C. Membranes were washed with TBS-T, incubated with a secondary peroxidaseconjugated antibody for 60 min, and washed. Bands were visualized by enhanced chemiluminescence and exposed to X-ray film. Beta-actin was detected to ensure equal protein loading. Independent triplicate samples were analyzed for each treatment group.
The following antibodies were used: poly(ADP-ribose) polymerase (PARP), caspase9, cleaved-caspase9, antiprotein kinase B (AKT), anti-phospho-AKT, anti-β-catenin, anti-phospho-β-catenin, anti-glycogen synthase kinase-3β (GSK3β) and anti-phospho-GSK3β (all from Cell Signaling Technology, Danvers, MA, USA), and anti-β-actin (Rockland, Gilbertsville, PA, USA). Antibodies against RARα and PPARβ/δ were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
RNA Extraction and Quantitative Real-Time RT-qPCR
Total RNA from cell samples was isolated using TRIzol reagent (Life Technologies, New York, USA) following the manufacturer's protocol. One microgram of RNA was then used to make cDNA using q-script cDNA SuperMix (QuantaBiosciences, Gaithersburg, MD, USA). Real-time quantitative polymerase chain reaction (PCR) was performed with the ABI 7900 Sequence Detection and the ABI Power Sybr Green gene expression systems (Applied Biosystems, Foster City, CA, USA). Messenger RNA levels for PPARβ/δ, RARα, CYP26A1, angiopoietin-like protein 4 (ANGPTL4), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were quantified. GAPDH was used for normalization. Relative quantification of mRNA species was done using the comparative threshold (CT) cycles method. For each sample, we normalized the gene CT value using the formula: ΔCT=CT gene−CT GAPDH. For relative expression levels, the following formula was used: ΔΔCT=ΔCT sample−ΔCT calibrator. This value was then used to plot the gene expression employing the formula 2 −ΔΔCT . Commercially available primers were used for PPARβ/δ, RARα, CRABP2, FABP5, CYP26A1, ANGPTL4, and GAPDH (QIAGEN, Valencia, CA, USA).
Transient Transfection of siRNA
For in vitro knockdown experiments, three different doublestranded small interfering RNA (siRNAs) against PPAR β/δ as well as nontargeting siRNA, were designed and synthesized by IDT company (Integrated DNA Technologies, Inc. Iowa, USA). The detailed sequences are shown in Electronic Supplementary Material (ESM) 1. Cells were seeded in sixwell plates at a concentration of 1×10 5 cells/well. When the cells reached 70 % confluence, 10 nM of siRNAs were transfected using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's recommendations. We incubated the cells for 48-72 h to allow knockdown of PPAR β/δ. The transfection and silencing efficiency were monitored by quantitative PCR. The endometrial cancer cells were divided into three groups: a nontransfected control group, a negative control group that was transfected with negative control siRNA (siRNA-NC), and the experimental transfected group. Cells were used for further assays.
Phosphokinase Proteome Profiling
Endometrial cancer cells were plated in 100-mm tissue culture dishes and cultured in DMEM supplemented with 10 % FBS until they reached 70 % confluence. After serum starvation for 18 h, cells were then cultured in phenol red-free DMEM supplemented with or without 10 μM GW0742 for 24 h. Cells were then processed following the human phosphokinase array kit (Proteome Profiler™; R&D Systems, Minneapolis, USA) instructions. Phosphokinase array data were developed on X-ray films following exposure to chemiluminescent reagents.
Statistical Analysis
All data were reported as mean±SE from at least three independent experiments. Statistical differences between samples were determined by one-way ANOVA followed by post hoc multiple comparison testing using the Newman-Keuls procedure. P<0.05 was considered statistically significant.
Results
Human Endometrial Cancer Cell Lines Express PPAR β/δ and RARα
We investigated the expression of PPAR β/δ and RARα in the Ishikawa, RL-95, and Sawano human endometrial cancer cell lines using quantitative reverse-transcriptase-PCR (qRT-PCR). As shown in Fig. 1a , RARα mRNA expression varied among the cell lines, with the highest expression of RARα observed in the Sawano cells. Expression of PPAR β/δ mRNA was similar among the three endometrial cancer cell lines. Similar results were observed at the protein level; as shown in Fig. 1b , PPAR β/δ expression was comparable among all three cell lines and RARα protein levels were the highest in the Sawano cell line.
Endometrial Cancer Cell Proliferation is Suppressed in the Presence of PPAR β/δ and RARα-Selective Agonists
To determine the function of PPAR β/δ and RARα in endometrial cancer cells, we treated the cells for 24-48 h with either GW0742, a high affinity PPAR β/δ-selective agonist, or TTNPB, an RARα-selective agonist and quantified total cell number following treatment. As shown in (Fig. 2a-c) , we found that after 48-h treatment, the total cell numbers significantly decreased in all three endometrial cancer cell lines treated with 10 μM TTNPB compared with controls. These results support previous data showing that activation of RARα inhibits cell proliferation [20] . Interestingly, a similar antiproliferative effect was observed in the three cell lines treated with GW0742, where total cell number decreased significantly 24 and 48 h following 10 μM GW0742 treatment (Fig. 2d-f) , indicating that like RARα, PPAR β/δ may be a promising therapeutic target for endometrial cancer.
To further assess the effect on endometrial cancer cell viability, we used an MTS assay after TTNPB and GW0742 treatments. We observed that 10 μM TTNPB markedly decreased the viability of all three cell lines in a time-dependent manner (ESM 2a-c). A similar decrease in cell viability was observed with 10 μM GW0742 treatment (ESM 2d-f). These results demonstrate that, similar to RARα, ligand activation of PPAR β/δ inhibits the proliferation of human endometrial cancer cell lines. Given that the therapeutic potential of targeting RARα with selective agonists was previously established in endometrial carcinoma [15] , we focused the rest of our studies on characterizing the therapeutic potential of PPAR β/δ in endometrial cancer.
PPAR β/δ-Selective Agonists Decrease Growth and Increase Apoptosis in Human Endometrial Cancer Cell Lines
We used BrdU labeling to further confirm the growthinhibiting effect of the PPAR β/δ-selective agonists GW0742 and GW501516 on the three endometrial cancer cell lines (Fig. 3) . Although slight decreases in proliferation were observed after 24 and 48-h of PPAR β/δ-selective agonist treatment in the RL-95 and Sawano cell lines, only the 10 μM dose significantly decreased proliferation at these time points (Fig. 3a-c) . Similar results were observed in the Ishikawa cell line, where 10 μM GW501516 and GW0742 significantly decreased cell proliferation after 24 and 48 h of treatments (Fig. 3a) . Regarding apoptosis, we found that GW501516 and GW0742 also increased apoptosis in the three cell lines, as measured by cleaved PARP and cleaved caspase-9 levels (Fig. 3d) . We observed that 10 μM GW501516 and GW0742 induced the cleavage of PARP and caspase-9 after # P<0.05, significantly different from control. U Uncleaved PARP, C cleaved PARP. Blots are representative of n=3 replicates 24 h of treatment. To verify the ability of the PPAR β/δ-selective agonists to induce apoptosis on an alternate human epithelial cell line, we treated the HaCaT with both GW0742 and GW501516 for 24 h (ESM 3). We observed that similar to the effects observed in the endometrial cancer cells, 10 μM GW501516 and GW0742 induced PARP cleavage in the HaCaT cells. Given that significant changes were observed within 24 h and using 10 μM GW501516 and 10 μM GW0742 treatment, we concluded that this dose was necessary to exert significant effects on cell proliferation and apoptosis.
To confirm activation of PPARβ/δ by the two tested agonists, we quantified the gene expression levels of a well-characterized PPAR β/δ target gene, ANGPTL4, [21] in the three endometrial cancer cell lines after treatment with either GW0742 or GW501516 at all three doses. As expected, we observed that ANGPTL4 gene expression significantly increased in all cell lines in response to the 1 and 10 μM concentration of both agonists (ESM 4a, b).
PPAR β/δ Antagonists Abolish the Antiproliferative and Apoptotic Effects of PPAR β/δ Activation Next, we examined the ability of the PPAR β/δ-selective antagonists GSK3787 and GSK0660 to attenuate the observed apoptotic and antiproliferative effects of the PPAR β/δ selective agonists (GW0742 and GW501516) in the three human endometrial cancer cell lines (Fig. 4) . BrdU labeling was performed after a 4-h pretreatment with either of the two PPAR β/δ-selective antagonists followed by a 24-h treatment with 10 μM concentrations of either PPAR β/δ-selective agonist. Pretreatment with either PPAR β/δ-selective antagonist completely abolished the antiproliferative effects elicited by the selective PPAR β/δ agonists in all three endometrial cancer cell lines (Fig. 4a-c) . Apoptosis markers induced by the PPAR β/δ-agonists were also decreased in Ishikawa, RL-95, and Sawano cells following the same treatment conditions consisting of a 4-h antagonist pretreatment followed by 24-h treatment of 10 μM GW0742 or 10 μM GW501516 (Fig. 4d,e ). These results demonstrate the specificity of 
PPAR β/δ Knockdown Eliminates the Effects of PPAR β/δ-Selective Agonists on Endometrial Cancer Cell Apoptosis and Gene Expression
We knocked down PPAR β/δ expression with RNAi to confirm the functional importance of PPAR β/δ in mediating apoptosis in the three endometrial cancer cell lines. Successful PPAR β/δ gene silencing with two different siRNA oligos was confirmed by qRT-PCR (ESM 5a-c) and immunoblot (ESM 5d). Control and siRNA-transfected cells were treated with the PPAR β/δ-selective agonist GW0742 (10 μM, 24 h), and the protein levels of cleaved PARP were examined by immunoblot to determine apoptosis (Fig. 5a ). As observed in our previous experiments, GW0742 induced PARP cleavage, whereas this effect was completely reversed with siRNA knockdown of PPAR β/δ.
This indicates that the GW0742-induced apoptotic effects are mediated via PPAR β/δ activity.
Others have suggested that the transactivation of RARα or PPAR β/δ is dependent not only on the ratio of FABP5 to CRABP-II but also on the RARα and PPAR β/δ expression levels [13] . This model suggests that in the absence of PPAR β/δ expression, the PPAR β/δ-selective agonist could transactivate RARα and induce target gene expression. Although we obtained significant PPAR β/δ knockdown, transactivation of the classic RARα target gene, CYP26A1, [15, 22] was not observed (Fig. 5b-d) . These results suggest that the effects of GW0742 were primarily mediated by PPAR β/δ. However, we did observe a reduction in the classic PPAR β/δ target gene expression; ANGPTL4 mRNA levels significantly decreased after PPAR β/δ knockdown even in the presence of 10 μM GW0742 for 24 h (Fig. 5b-d) . This indicates that siRNA-mediated knockdown of PPAR β/δ indeed decreases its transcriptional activity. To characterize the mechanism by which PPAR β/δ activation exerts antiproliferative and apoptotic effects on endometrial cancer cells, we analyzed the expression of PTEN and AKT phosphorylation following GW0742 treatment. Others have shown that the AKT pathway is affected following the activation of PPAR β/δ by selective agonists [23] . Following treatment with increasing concentrations of the PPAR β/δ-selective agonist GW0742, all three cancer cell lines demonstrated increased expression of PTEN 10 (2.7-, 1.7-, 4.3-fold increase after 10 μM treatment in Ishikawa, RL-95, and Sawano cells, respectively, relative to vehicle) and lower phosphorylation of AKT (0.4-, 0.4-, and 0.6-fold decrease after 10 μM treatment in Ishikawa, RL-95, and Sawano cells, respectively, relative to vehicle; Fig. 6a ). To fully characterize the signaling pathways affected by ligand activation of PPAR β/δ, we profiled 46 kinases and protein substrates using a phosphokinase array (Fig. 6b) . All three cell lines were treated with 10 μM GW0742 for 24 h and cell lysates were hybridized to membranes to identify signaling pathways that were affected by PPAR β/δ activation. We found changes in the phosphorylation of GSK3β, AKT, and β-catenin after GW0742 treatment that was consistent among all three endometrial cancer cell lines (see coordinates A5, B5, and C5 on Fig. 6b and highlighted rows in Table 1 ). PPAR β/δ activation also resulted in decreased phosphorylation of AKT at Ser473 and decreased GSK3β phosphorylation, whereas β-catenin (GSK3β), B5 (pAKT), and C5 (β-catenin). Each kinase is spotted in duplicate and the pairs of dots in each corner are positive controls. c Immunoblots demonstrating the effect of GW0742 treatment (10 μM, 24 h) on the phosphorylation of AKT and the downstream effectors GSK3β, β-catenin, and other protein targets of the AKT pathway. β-actin served as the loading control. Hybridization signals were normalized to β-actin and are presented as the fold change as compared to the control. Blots are representative of n=3 replicates phosphorylation was markedly increased upon GW0742 treatment (Fig. 6b) . The changes observed in the phosphokinase array were further validated in the endometrial cancer cell lines by immunoblot (Fig. 6c) . The immunoblot results in fact validated the GW0742-induced changes on the phosphorylation states of AKT (0.7-, 0.5-, and 0.5-fold decrease after 10 μM GW0742 treatment in Ishikawa, RL-95, and Sawano cells, respectively), GSK3β (0.6-, 0.5-, and 0.1-fold decrease in Ishikawa, RL-95, and Sawano cells, respectively) and β-catenin (2.9-, 3.7-, and 3.9-fold increase in Ishikawa, RL-95, and Sawano cells, respectively), indicating that ligand activation of PPAR β/δ by GW0742 affects the AKT/GSK3β/β-catenin signaling pathway.
Effect of Ligand Activation of PPAR β/δ on the AKT/GSK3 β/β-Catenin Pathway can be Attenuated by PPAR β/δ Knockdown and Lithium
To assess the specificity of PPAR β/δ-induced changes on the regulation of the AKT/GSK3β/β-catenin signaling pathway, we performed siRNA knockdown of the receptor in combination with 10 μM GW0742 for 24 h. siRNA knockdown of PPAR β/δ in the three endometrial cancer cell lines reversed the GW0742-induced effects on AKT, GSK3β and β-catenin (Fig. 7a) . Specifically, we observed that compared to the controls, PPAR β/δ knockdown reversed the GW0742-induced decrease in AKT phosphorylation (from 0.5 to 1.1, 0.4 to 1.0, and 0.3 to 1.3-fold increase in Ishikawa, RL-95, and Sawano cells treated with siPPAR β/δ #2, respectively), and abolished the observed increase in phospho-β-catenin (from 3.3 to 1.2, 7.1 to 0.9, and 5.3 to 1.1-fold decrease in Ishikawa, RL-95, and Sawano cells treated with siPPAR β/δ #2, respectively; Fig. 7a) . Similarly, the GW0742-induced decrease in GSK3β phosphorylation was reversed by PPAR β/δ knockdown (from 0.6 to 1.0, 0.8 to 1.4, and 0.4 to 0.9-fold increase in Ishikawa, RL-95, and Sawano cells treated with siPPAR β/δ #2, respectively) in Fig. 7a . These results demonstrate the specificity of the receptor in regulating the AKT/GSK3β/β-catenin signaling pathway.
We used lithium as a signaling pathway inhibitor to test the specificity of PPAR β/δ on the AKT/GSK3β/β-catenin signaling pathway. Lithium is known to induce the phosphorylation and activation of AKT and to have inhibitory effects on GSK3β [24, 25] . We pretreated the cancer cell lines with lithium prior to GW0742 treatment to test the ability of lithium to reduce the GW0742-mediated effects. In the samples treated with the combination of lithium and GW0742, lithium attenuated the apoptotic effects of PPAR β/δ activation as indicated by decreased levels of cleaved PARP (Fig. 7b) . We also observed that compared to the GW0742-treated samples, the combination of lithium and GW0742 restored the phosphorylation of both AKT (from 0.5 to 1.0, 0.6 to 1.2, and 0.8 to 1.2-fold increase in Ishikawa, RL-95, and Sawano cells lines, respectively) and GSK3β (from 0.3 to 1.4, 0.5 to 0.9, 0.6 to 1.0-fold increase, in Ishikawa, RL-95, and Sawano cells, respectively; Fig. 7b) . Similarly, the combination of GW0742 and lithium restored the levels of β-catenin phosphorylation (from 1.8 to 1.2, 1.4 to 0.8, and 1.5 to 1.1-fold change in Ishikawa, RL-95, and Sawano cells, respectively), leading to a modest decrease in β-catenin phosphorylation in all three endometrial cancer cell lines. Overall, these results indicate that the ligand-mediated effects of PPAR β/δ on endometrial cancer cell apoptosis can be abrogated through the lithium-based pharmacologic activation of the AKT/GSK3β/β-catenin pathway. 
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Discussion
In this study, we demonstrated that ligand-activated PPARβ/δ regulates the proliferation and apoptosis of three different human endometrial cancer cell lines, and that the AKT/ GSK3β/β-catenin pathway is involved in mediating these effects. PPARβ/δ activated with highly selective synthetic ligands led to a decrease in cell proliferation and an increase in markers of apoptosis (cleaved PARP and caspases). PPARβ/δ knockdown as well as pretreating the cells with PPARβ/δ antagonists or lithium could attenuate these effects. Our work reveals a unique function of PPARβ/δ in endometrial cancer cells and strongly supports the hypothesis that modulating PPARβ/δ activity may be a key therapeutic target for endometrial cancer interventions. As a nuclear receptor involved in multiple physiological regulatory pathways, PPARβ/δ is an ideal drug target for the treatment of disease. However, the role of PPARβ/δ in human cancer has remained controversial because of disparities in the literature. Previous work by some laboratories suggested that activation of PPARβ/δ increased cell growth, while others showed that this effect was seen in only some cell types. Given the potential of targeting PPARβ/δ for the prevention and/or treatment of cancer, it is important to clarify the functional role of PPARβ/δ in cell proliferation and survival.
PPARβ/δ can be activated by several commercially available high-affinity synthetic PPARβ/δ ligands, including GW0742, GW501516, and L165041. These ligands can activate PPARβ/δ at concentrations in the low nanomolar o micromolar range [17, 26] . In this study, we exposed three different endometrial cancer cell lines to the ligands GW0742 and GW501516. Our results provide convincing evidence that in endometrial cancer cells, PPARβ/δ agonists decrease endometrial cancer cell proliferation and survival. We find that while PPARβ/δ agonists exert dose-dependent effects on target gene expression, the high 10 μM dose was necessary to significantly affect the AKT/GSK3β/β-catenin pathway and induce changes in proliferation and apoptosis. It is plausible that lower concentrations of these agonists can induce expression of individual genes, whereas high doses are necessary to alter more complex cellular events such as apoptosis or signal pathway activation, which may require coordinated changes in expression of a large number of genes. Overall, the observation of PPARβ/δ regulating cell proliferation and survival is consistent with previous work showing the PPARβ/δ-dependent inhibition of cell proliferation in keratinocytes and various human cancers [7, [27] [28] [29] [30] Because of the conflicting evidence, no unified, universally accepted mechanism of action has been put forward to describe the role of PPARβ/δ in cancer. Several mechanisms have been proposed to explain the observed procarcinogenic effects of PPARβ/δ, partly based on data from normal mouse primary keratinocytes [31] . Analyses of these cells suggested that the high ratio of intracellular FABP5 to CRABPII diverts atRA or PPARβ/δ ligands to PPARβ/δ rather than to the RARα. This is thought to increase PDPK1 to protect against apoptosis and increase cell survival. However, follow-up studies, including ours, have not validated this model [13, 14] .
Another mechanism suggests that PPARβ/δ promotes cell survival via regulation of the ILK-PDPK1-PTEN-AKT pathway. The tumor suppressor gene PTEN, a negative regulator of the PI3K/AKT signaling pathway, can modulate cell growth, proliferation, and survival. PPARβ/δ was originally shown to inhibit the expression of PTEN in keratinocytes during wound healing [23] . Other studies found that this change in PTEN is not consistent [29, [32] [33] [34] and that the upregulation of PTEN expression by activated PPARβ/δ is context specific. Our study showed increased PTEN expression in the endometrial cancer cells treated with the PPARβ/δ agonist GW0742. Although we did not directly determine the effects of activated PPARβ/δ on PI3K activity, we did detect a loss of phosphorylated AKT, a known downstream target of PI3K. These results suggest that activated PPARβ/δ increases PTEN expression and downregulates the AKT signaling pathway to suppress proliferation and stimulate apoptosis in endometrial cancer cells.
GSK3 proteins are serine/threonine kinases that were originally identified as key regulatory enzymes in glucose metabolism [35] . There are two isoforms, GSK3α and GSK3β, that are encoded by separate genes [36] . GSK3β is an important effector of AKT activity and is also an important element of the PI3K/AKT cell survival pathway [37] . The activity of GSK3β is regulated by phosphorylation on the Ser9 residue; abnormal regulation of GSK3β is associated with various pathological conditions. Many upstream protein kinases, including AKT/PKB [38] , are known to phosphorylate GSK3β at Ser9, depending on the cellular context and on various upstream regulators. In recent years, the role of GSK3β in cancer has become firmly established [39] . For example, it is known that GSK3β plays a major role in epithelial cell homeostasis and is a key factor in human cancers, regulating transcription, contributing to accelerated cell cycle progression, and to cancer cell metastasis and anti-apoptosis [40] . Despite its well-established role in other cancers, a detailed analysis of GSK3β in endometrial cancer and its therapeutic potential is still lacking.
In our study, GW0742 inactivated AKT and effectively decreased the phosphorylation of AKT on Ser473 in the endometrial cancer cell lines we tested. AKT phosphorylation negatively regulates GSK3β activity by phosphorylating it on Ser9 [41] . In our study, we observed that ligand activation of PPAR β/δ decreased the phosphorylation levels of AKT and GSK3β. GSK3β is known to phosphorylate β-catenin, an integral component of the canonical Wnt signaling pathway [42] . Unphosphorylated β-catenin is stable and accumulates in the cytoplasm; its nuclear translocation allows it to act as a transcriptional cofactor to promote cell survival and proliferation [43] . In our study, ligand activation of PPAR β/δ in endometrial cancer cell lines led to the increased phosphorylation of β-catenin, which has been previously shown to target it for proteosomal degradation [42] . Furthermore, lithium, which is known to indirectly regulate GSK3β through the PI3K/AKT pathway [24, 44] , can enhance GSK3β activation and rescue the endometrial cancer cell lines from PPARβ/δ-induced apoptosis. Together, these results may partly explain the mechanism by which the PPAR β/δ-selective agonists cause apoptosis in endometrial cancer cells. These data also suggest that GSK3β may be a promising therapeutic target in endometrial cancer and pursuit of this therapeutic strategy is warranted.
Based on the findings described above, we propose a model (Fig. 8) for the role of PPARβ/δ in modulating cell proliferation and apoptosis in endometrial cancer cells. After activation of PPARβ/δ, increased PTEN generation leads to decreased phosphorylation of AKT and GSK3β. These changes increase the phosphorylation of β-catenin, a posttranslational modification that targets it for ubiquitin- Fig. 8 Diagram demonstrating the ligand activated-PPAR β/δ regulation of proliferation and apoptosis of endometrial cancer cells. Ligand activation of PPARβ/δ increases PTEN expression and leads to decreased AKT phosphorylation on S473. Consequently, this reduction in AKT phosphorylation results in the reduced phosphorylation of GSK-3β that, in turn, decreases the stability of the β-catenin complex. Finally, destabilization and degradation of β-catenin is observed as its phosphorylation increases, resulting in decreased proliferation and apoptotic activation of the endometrial cancer cells dependent proteosomal degradation. Taken together, our findings indicate that in endometrial cancer cells, PPARβ/δ activation prevents cell proliferation and causes apoptosis, and that the regulation of the AKT/GSK3β/β-catenin pathway is involved.
In conclusion, we demonstrated that ligand-activated PPARβ/δ regulates cell proliferation and apoptosis in endometrial cancer cells and that upregulation of PTEN and modulation of the AKT/GSK3β/β-catenin pathway may be involved. A full characterization of this pathway will be addressed in future studies. These results have important implications not only for understanding the molecular mechanisms of PPARβ/δ in endometrial cancer, but also by providing novel insights into the treatment of endometrial cancer.
